Quantum spin liquid and cluster Mott insulator phases in the
  Mo$_{3}$O$_{8}$ magnets by Nikolaev, S. A. et al.
Quantum spin liquid and cluster Mott insulator phases in the Mo3O8 magnets
S. A. Nikolaev,1, 2, ∗ I. V. Solovyev,2, 3 and S. V. Streltsov4, 3
1Institute of Innovative Research, Tokyo Institute of Technology,
4259 Nagatsuta, Midori, Yokohama 226-8503, Japan
2International Center for Materials Nanoarchitectonics,
National Institute for Materials Science, 1-1 Namiki, Tsukuba, Ibaraki 305-0044, Japan
3Department of Theoretical Physics and Applied Mathematics,
Ural Federal University, Mira St. 19, 620002 Yekaterinburg, Russia
4Institute of Metal Physics, S. Kovalevskoy Street 18, 620108 Yekaterinburg, Russia
(Dated: January 22, 2020)
We unveil the microscopic origin of largely debated magnetism in the Mo3O8 cluster systems.
Upon considering an extended Hubbard model at 1/6 filling on the anisotropic kagome´ lattice formed
by the Mo atoms, we argue that its ground state is determined by the competition between kinetic
energy and intersite Coulomb interactions, which is controlled by the trimerisation of the kagome´
lattice into the Mo3O13 clusters. Based on first-principles calculations, we show that the strong
interaction limit is realised in LiZn2Mo3O8 revealing a plaquette charge order with unpaired spins
at the resonating hexagons, whose origin is solely related to the opposite signs of intracluster and
intercluster hoppings, in contrast to all previous scenarios. On the other hand, both Li2InMo3O8
and Li2ScMo3O8 are demonstrated to fall into the weak interaction limit where the electrons are
well localised at the Mo3O13 clusters. While the former is found to exhibit long-range antiferro-
magnetic order, the latter is more likely to reveal short-range order with quantum spin liquid-like
excitations. Our results not only reproduce most of the experimentally observed features of these
unique materials, but will also help to describe various properties in other quantum cluster magnets.
Introduction. Geometrically frustrated quantum sys-
tems lie at the core of research activity revolving around
a putative quantum spin liquid (QSL) state that displays
long-range quantum entanglement, charge fractionalisa-
tion, and emergent gauge structures [1–4]. Of particular
importance are spin models on the triangular and kagome´
lattices featuring various types of QSL [5–9], whose ma-
terial realisation has been an ongoing endeavour in con-
densed matter physics with only a few reasonable candi-
dates proposed so far [10–15].
During the past few years, the Mo3O13 cluster mag-
nets have attracted a great deal of both experimental and
theoretical attention as a new candidate to host QSL. In
these compounds, the Mo atoms arranged in anisotropic
kagome´ layers are trimerised, and the [Mo3O13]
15− clus-
ters form a triangular lattice, as shown in Fig. 1a [16, 17].
As sketched in Fig. 1b, six out of seven valence electrons
in the Mo3O13 cluster are responsible for a strong intr-
acluster metal-metal bonding, and the seventh electron
remains unpaired occupying a totally symmetric molec-
ular a1 state.
LiZn2Mo3O8 was first reported to exhibit a QSL
behaviour [18–20]. The magnetic susceptibility of
LiZn2Mo3O8 has been experimentally shown to follow a
Curie-Weiss law with low- and high-temperature regimes
transitioning at 96 K, whose Curie constants are related
as CL ≈ CH/3 and where the disappearance of 2/3 of
paramagnetic spins was attributed to valence bond con-
densation on the triangular lattice of the Mo3O13 clus-
ters. In a first attempt to explain these unusual fea-
tures, the authors of Ref. [21] suggested the formation
of an emergent honeycomb lattice due to opposite rota-
tions of the Mo3O13 clusters effectively decoupling the
central cluster with an orphan paramagnetic spin. An-
other scenario was outlined in Ref. [22], where a plaquette
charge order (PCO) existing in a Mott insulator on the
anisotropic kagome´ lattice at 1/6 filling was conjectured
to host a U(1) quantum spin liquid state with the spinon
FIG. 1. a) Crystal structures of LiZn2Mo3O8 and
Li2InMo3O8, visualised with VESTA [26]. Li2ScMo3O8 is
isostructural to Li2InMo3O8; b) Molecular levels of the
Mo3O13 cluster filled with seven electrons; c) Schematics of
the extended Hubbard model on the anisotropic kagome´ lat-
tice formed by the Mo sites. Nonequivalent “up” and “down”
triangles are denoted as T ′ and T , respectively.
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2Fermi surface that is reconstructed at low temperatures
filling 2/3 of the spinon states.
However, the adequacy of the proposed mechanisms
was questioned with recently synthesised Li2InMo3O8
and Li2ScMo3O8, both featuring magnetic moments well
localised at the Mo3O13 clusters. While the former was
identified with a Nee´l 120◦ magnetic order at TN = 12 K,
for the latter no magnetic ordering has been observed
down to 0.5 K [23, 24]. Instead, muon spin rotation and
inelastic neutron scattering measurements suggested that
Li2ScMo3O8 undergoes a short-range magnetic order be-
low 4 K with QSL-like excitations.
Despite having similar crystal structures, these sys-
tems manifest essentially unalike magnetic properties,
whose enigmatic origin remains an unsolved problem.
In this Letter, upon revising a single-orbital extended
Hubbard model on the anisotropic kagome´ lattice at
1/6 filling, we uncover novel regimes of the plaquette
charge ordered and cluster Mott insulator states gov-
erned by the interplay of kinetic energy and intersite
Coulomb interactions, that were overlooked in previous
studies [21, 22, 25]. By means of first-principles calcu-
lations, we will demonstrate that their appearance is re-
lated to the formation of the Mo3O13 clusters and these
states indeed realise in LiZn2Mo3O8, Li2ScMo3O8, and
Li2InMo3O8.
The model of interest shown in Fig. 1c with one elec-
tron per T triangle reads:
H =
∑
〈mm′〉∈T
σ
t
(
c†σm c
σ
m′ + H.c.
)
+ V nmnm′ + U
∑
m
n↑mn
↓
m
+
∑
〈mm′〉∈T ′
σ′
t′
(
c†σm c
σ
m′ + H.c.
)
+ V ′nmnm′ ,
(1)
where c†σm (c
σ
m ) creates (annihilates) an electron with
spin σ at site m, nσm = c
†σ
m c
σ
m is the density operator
(nm = n
↑
m + n
↓
m), t and t
′ stand for intracluster and
intercluster hopping parameters defined on the T and
T ′ triangles, respectively, and the interaction terms in-
clude the on-site U , intracluster V , and intercluster V ′
Coulomb repulsions. Taking a shorter bond length in T ,
we assume that V ′ < V  U and |t′| < |t|, and for the
reasons shown below we enforce electron localisation at
the T triangles by taking t < 0 and t′ > 0.
The results of exact diagonalisation for Eq. (1) at 1/6
filling are shown in Fig. 2. Specific heat has an evident
instability when t/V ′ and t′/V are small, while as they
increase the system can develop long-range magnetic or-
der. Thus, one can see that there are several regimes
depending on the values of t/V ′ and t′/V , and below we
will address two different limits of Eq. (1).
Plaquette charge order. Let us consider t  V ′ and
t′  V . Due to 1/6 filling, the Hubbard U cannot
localise electrons on the lattice sites, and as a result
they move without encountering any double occupancy.
FIG. 2. Specific heat (a) and spin susceptibility (b) of the
extended Hubbard model, Eq. (1), at 1/6 filling calculated
with exact diagonalisation on a 2 × 2 supercell with 12 sites
and periodic boundary conditions as a function of t and t′
with U = 2.0, V = 1.0, and V ′ = 0.8.
Since U is not operative, it is the intersite V and V ′
that are responsible for electron localisation leading to
a highly degenerate charge ordered state, where each
corner-sharing triangle hosts exactly one electron. This
degeneracy is further lifted by hopping parameters that
induce collective tunnelling processes, when the elec-
trons hop either clockwise or counter-clockwise along
the T and T ′ bonds stabilising a charge pattern with
three electrons at the hexagons, as shown in Fig. 3a
and 3b. To lowest order in t/V ′ and t′/V , it corre-
sponds to the quantum dimer model for two plaquette
states |A〉 = c†σ5 c†σ
′
3 c
†σ′′
1 |0〉 and |B〉 = c†σ6 c†σ
′
4 c
†σ′′
2 |0〉,
FIG. 3. a) Ring tunnelling processes in the hexagon; b)
Charge order in the strong interaction limit (blue and red
circles stand for the spin-up and spin-down electrons, respec-
tively) b) Plaquette charge ordered phase on the dual hexag-
onal lattice.
3H7 = ∑7∑σσ′σ′′(g1 + g2)(|A〉〈B| + |B〉〈A|) with g1 =
6t′3/V 2 and g2 = 6t3/V ′2, where the sum runs over all
hexagons [29, 30]. When mapped onto the dual hexago-
nal lattice, the ground state of H7 for spinless electrons
is described by the PCO shown in Fig. 3c with an emer-
gent triangular lattice of resonating hexagons, that will
be regarded as the strong interaction limit of Eq. (1) [31–
33].
One can further include antiferromagnetic spin fluctu-
ations between next-nearest neighbours in each hexagon
HS = Jnn
∑
〈〈ij〉〉 ninj
(
Si ·Sj − 14
)
, where Jnn = 4t
2
nn/U
and tnn is the corresponding hopping. Assuming that the
PCO effectively decouples hexagons, HD = H7+HS for
a single hexagon can be solved exactly yielding four four-
fold degenerate states [27]. When g1 and g2 have opposite
signs, regardless of the value of Jnn the ground state of
HD displays valence bond condensation with one orphan
spin, as shown in Fig. 4a:
|ψ1〉 = 1
2
(
|↑↑↓〉A − |↓↑↑〉A
− g1 − g2
g˜
|↑↑↓〉B − g2
g˜
|↑↓↑〉B + g1
g˜
|↓↑↑〉B
)
,
|ψ2〉 = 1
2
(
|↑↓↑〉A − |↓↑↑〉A
+
g2
g˜
|↑↑↓〉B − g1
g˜
|↑↓↑〉B + g1 − g2
g˜
|↓↑↑〉B
)
.
with g˜ =
√
g21 − g1g2 + g22 . Such an unusual entangle-
ment with dangling spins originates solely from the asym-
metry of tunnelling processes that in turn maximises sin-
glet pairing between the resonating electrons, while the
unpaired spins behave paramagnetically in a thermody-
namic limit. Interestingly, a similar situation can be
realised when g1 < 0 and g2 < 0 with large antiferro-
FIG. 4. a) Valence bonds at the resonating hexagon with one
dangling spin; b) Specific heat and inverse spin susceptibility
of a single resonating hexagon.
magnetic coupling Jnn >
2
3 (−g1 − g2 − g˜), which was
earlier suggested to pair 2/3 of the spins at low temper-
atures [22, 25]. However, the calculated thermodynamic
properties shown in Fig. 4b clearly demonstrate that two
paramagnetic regimes possess a much higher TC when
g1 and g2 have opposite signs. Our first-principles cal-
culations will show that the strong interaction limit is
realised in LiZn2Mo3O8, where g1 and g2 have opposite
signs and Jnn is negligibly small.
Cluster Hubbard Model. As |t| increases, the electrons
start moving freely within the T triangle, and the number
of electrons at the adjacent T ′ triangles fluctuates. When
|t| ∼ V ′, the perturbation theory considered above breaks
down, and the electrons minimise their energy by forming
bound “molecular” states. As a result, the kagome´ lattice
is trimerised, and the original model in Eq. (1) can be
reformulated as a three-orbital extended Hubbard model
on the triangular lattice formed by the T triangles:
HCF = ∆
3
∑
mm′∈T ,σ
c†σim
 0 1 11 0 1
1 1 0

mm′
cσim′
with ∆ = 3t. As follows, HCF has the form of crystal
field that splits the electronic states at the T triangle
into the single a1 and double degenerate e1 states with
energy levels 2∆3 and −∆3 , respectively: |a1〉 = 1√3
(|1〉+
|2〉 + |3〉), |e(1)1 〉 = 1√3(w|1〉 + w¯|2〉 + |3〉), and |e(2)1 〉 =
1√
3
(
w¯|1〉 + w|2〉 + |3〉) with ω = e2pii/3. Importantly,
the a1 state is occupied when ∆ < 0 (t < 0). Despite
the weak interaction limit, the electrons are localised at
the T triangles by their kinetic energy due to a dilute 1/6
filling. We refer to this state as a cluster Mott insulator as
opposed to the PCO phase where localisation is entirely
driven by intersite Coulomb interactions.
As shown in Fig. 2, when both t < 0 and t′ > 0
are large the localised electrons can develop long-range
magnetic order. In this limit, the on-site U˜ = U+2V3
comes back into play and forbids any double occupancy
at the T triangles, and the corresponding spin model
H4 =
∑
〈ij〉 J4Si · Sj on the triangular lattice can be
derived to second order in t′/U and t′/∆:
J4 =− 8t
′2
3(2V + 3|∆| − 2V ′) +
4t′2
3(U + 2V − 2V ′)
+
8t′2
3(U + 2V + 3|∆| − 2V ′) ,
(2)
which can be both ferro- and antiferromagnetic, that ex-
plains why some of the recently found Mo3O8 systems are
ferromagnetic insulators [28]. Stability of the magnetic
order is directly related to the strength of t and t′ in the
sense that it can be suppressed by thermal or quantum
fluctuations when t or t′ are not strong enough to avoid
electron fluctuations at the T ′ triangles.
4FIG. 5. a) Band structures of LiZn2Mo3O8, Li2ScMo3O8, and Li2InMo3O8; b) Wannier functions corresponding to the a1 and
e1 states in Li2InMo3O8; c) Wannier functions of the neighbouring Mo3O13 clusters in one layer of Li2InMo3O8; d) Exchange
coupling J4 calculated from Eq. (2) with U = 2.0 eV, V = 1.1 eV, and V ′ = 0.9 eV. Li2ScMo3O8 and Li2InMo3O8 are
schematically shown with diamonds.
First-principles. Electronic structure calculations for
each system have been performed within local density
approximation [35] by using projected augmented wave
formalism [36], as implemented in VASP [37], and norm-
conserving pseudopotentials, as implemented in Quantum
ESPRESSO [38]. The calculated band structures are shown
in Fig. 5a, indicating the a2 and e2 states below the Fermi
level, which are responsible for the Mo-Mo bonding in
the Mo3O13 cluster, and the molecular a1 and e1 states
occupied by unpaired electrons. The latter were adopted
for constructing the extended Hubbard model, Eq. (1),
in the basis of Wannier functions, which were obtained
with wannier90 [39], as shown in Fig. 5b. The full set of
model parameters is given in Table I [27].
According to our results, the splitting between the a1
and e1 states varies significantly within the systems [40],
and the values of t/V ′ and t′/V point out at different
regimes of electron localisation for each system. Further-
TABLE I. Model parameters (in eV) for the one-orbital ex-
tended Hubbard model, Eq. (1).
U t V t′ V ′ tnn
LiZn2Mo3O8 2.0 −0.134 0.8 0.113 0.6 0.026
Li2ScMo3O8 2.0 −0.281 1.0 0.147 0.8 0.014
Li2InMo3O8 2.1 −0.409 1.2 0.181 0.9 0.010
more, t and t′ always have opposite signs. This is re-
lated to the fact that in the Mo3O13 clusters with short
Mo-Mo bonds the direct d-d (always negative) hopping
dominates, as shown in Fig. 5c. Because this term van-
ishes rapidly with metal-metal distance (∼ 1/r5 [41]), the
hopping process via common oxygens having the opposite
sign starts to dominate between the clusters, and t′ turns
out to be positive. We believe that the opposite signs of
t and t′ is a fundamental aspect of the trimerised kagome
lattice at 1/6 filling. According to the general Jahn-Teller
theorem, the trimerisation should lift the degeneracy of
the ground state so that a single electron resides at the
a1 orbital of the T triangle forming a one-dimensional
representation of the point group, that occurs only when
t < 0 and t′ > 0.
One can see that t/V ′ and t′/V are small in
LiZn2Mo3O8, preventing the electrons from being lo-
calised at the molecular states and thus leading to an
emergent PCO with unpaired spins at the resonating
hexagons. Moreover, a negligibly small Jnn = 1.4 meV
eliminates all previously suggested scenarios for decou-
pling 1/3 of the spins at low temperatures [22, 25, 42].
In fact, valence bond condensation in LiZn2Mo3O8 is
driven solely by the asymmetry of tunnelling processes
caused by the formation of the Mo3O13 clusters. Given
g1 = 13.5 meV and g2 = −40.1 meV, the calculated
TC ∼ 92.0 K between two paramagnetic regimes is in
excellent agreement with experiments [18, 27].
In contrast, Li2ScMo3O8 and Li2InMo3O8 have larger
5splittings between the a1 and e1 states, and the ratio
t/V ′ favours electron localisation at the Mo3O13 clusters
stabilising a cluster Mott insulator phase. Indeed, having
the largest t/V ′ and t′/V , Li2InMo3O8 reveals an antifer-
romagnetic order with J4 = 9.5 meV (109.8 K) in good
agreement with the experimental value of 112 K [23]. On
the other hand, J4 = 4.0 meV (46.7 K) in Li2ScMo3O8,
being consistent with the experimental value of 67 K, is
close to the instability region where J4 is small, as clearly
seen in Fig. 5c. Consequently, although the electrons
tend to localise at the Mo3O13 clusters, Li2ScMo3O8 is
more likely to fall into an intermediate regime, where any
long-range magnetic order is suppressed by quantum fluc-
tuations down to low temperatures. Since the number of
electrons at the T ′ triangles is allowed to fluctuate when
t/V ′ and t′/V are not strong, we conclude that magnetic
order in Li2ScMo3O8 is short-range with QSL-like exci-
tations.
Conclusions. Having considered an extended Hubbard
model on the anisotropic kagome´ lattice at 1/6 filling, we
showed that it features two different limits: a plaquette
charge order with one orphan spin as realised in quantum
paramagnet LiZn2Mo3O8, and a cluster Mott insulator as
revealed in Li2InMo3O8 with a Ne´el-type antiferromag-
netic order and Li2ScMo3O8 with a quantum spin liq-
uid behaviour. Based on first-principles calculations, we
demonstrated that their manifestation can be attributed
to the trimerisation of the kagome´ lattice specifying the
character of electron localisation, that unravels a largely
speculated origin of magnetism in these systems.
Finally, it is known that spin- 12 systems with an
odd number of electrons can reveal both long-range or-
der and short-range correlations with topological excita-
tions [43]. While LiZn2Mo3O8 remains a unique exam-
ple featuring two paramagnetic regimes with unpaired
spins, different scenarios of a cluster Mott insulator
phase can be realised in other trimerised cluster systems,
such as Li2In1−xScxMo3O8 [42], ScZnMo3O8 [44], and
Nb3Cl8 [45, 46].
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